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ABSTRACT: The copolymer prepared by copolymerizing acrylamide and maleic anhy-
dride was imidized with N,N-dimethylaminopropylamine. The obtained acrylamide-
N,N-dimethylaminopropylmaleimide (ADMAPM) copolymer was then reacted with
propane sultone to yield an acrylamide-N,N-dimethylmaleimidopropyl ammoniopro-
pane sulfonate (ADMMAPS) copolymer or then reacted with methyl iodide to yield
a poly(methyl iodide quaternized acrylamide-N,N-dimethylaminopropyl maleimide)
copolymer [ poly(MIQADMAPM)]. The kinetic parameters, such as the reaction order,
the activation energy, and the preexponential factor, of the thermal degradation were
evaluated from thermal gravimetric curves for these two copolymers. The activation
energy and preexponential factor of the poly(ADMMAPS) were higher than those of
poly(MIQADMAPM) for Ozawa’s method and van Krevelen’s method. © 1997 John Wi-
ley & Sons, Inc. J Appl Polym Sci 66: 95-103, 1997

Key words: acrylamide-N,N-dimethylmakimidopropyl ammoniopropane sulfonate
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maleimide); thermal degradation

INTRODUCTION

Sulfobetaine monomers derived from dimethyl-
aminoalkylacrylates and dimethylaminoalkyl-
acrylamides are widely used in industries con-
cerned with textiles, dispersion agents, medical
products, antistatic agents, surfactants, protec-
tive colloids, and other related materials.!=*2 The
aqueous solution properties of poly(betaines),
such as carboxybetaine and sulfobetaine, have
been extensively investigated.'®%’

A series of poly (sulfobetaine)s and correspond-
ing cationic polymers prepared from zwitterionic
sulfobetaine and corresponding cationic mono-
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mers were studied previously in our laboratory.2*-%7

The aqueous solution properties of cationic poly-
(trimethylacrylamidopropylammonium iodide)
[poly(TMAAI)], poly(N,N’-dimethylacrylamido-
propyl ammonio propanesulfonate) [poly(D-
MAAPS)], and poly(N,N'-dimethylmethacryloxy-
ethyl ammonio propanesulfonate) [poly(D-
MAPS)] were reported in previous articles.'>3%33
Recently, studies of polyampholytes prepared
from copolymers having high purities and similar
structural characteristics have been the focus of
our laboratory. For example, a styrene-N,N-di-
methylmaleimidopropyl ammonio propanesulfo-
nate (SDMMAPS) copolymer was prepared from
a styrene—maleic anhydride copolymer.** The
properties of this ampholytic SDMMAPS copoly-
mer in aqueous salt solution showed a marked
distinction from sulfobetaine homopolymers, es-
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pecially poly(DMAAPS). This phenomenon is at-
tributed mainly to the presence of the styrene seg-
ment, a hydrophobic group, in the pendent group
of the SDMMAPS copolymer. Recently, the syn-
thesis and aqueous solution properties of poly-
(methyl iodide quaternized acrylamide-N,N-
dimethylaminopropyl maleimide) copolymer
[poly(MIQADMAPM)] and acrylamide-N,N-di-
methylmaleimidopropyl ammonio propane sulfo-
nate [poly(ADMMAPS)] copolymers were stud-
ied in previous reports.®%37

The thermal degradation of the poly(DMAPS)
and poly(DMAAPS) has been reported in previ-
ous articles.?®3! The investigation of the thermal
behaviors of these two copolymers, poly (MIQAD-
MAPM) and poly(ADMMAPS), is the aim of this
article. The kinetic parameters, such as activa-
tion energy, reaction order, and preexponential
factor, of the thermal degradation for these two
copolymers determined by Ozawa’s method and
van Krevelen’s methods will be compared in this
article.

EXPERIMENTAL

Synthesis of Alternating Acrylamide-Maleic
Anhydride Copolymer

The alternating copolymer acrylamide—maleic
anhydride (AA-MA; molar ratio, 1 : 1) was synthe-
sized as previously described.?>%3% The viscosity
average molecular weight (M,), measured in 0.6N
NalNO; at 25°C with a Ubbelhode viscometer, is
3.06 x 10*.%

Imidization of AA-MA Copolymer

The AA-MA copolymer was imidized with 3-di-
methylaminopropylamine as described in previ-
ous articles.?>® The imidization degree measured
by elemental analysis is 98.1 mol %.

Preparation of Poly (MIQADMAPM) and
Poly (ADMMAPS) Copolymers

The copolymers [ poly(MIQADMAPM)] and [ poly-
(ADMMAPS)] were prepared as described pre-
viously.*>?® The copolymers were characterized by
elemental analysis techniques and infrared spec-
tra, as described before, and were quite hygro-

scopic. The poly(MIQADMAPM) was a yellow-
white solid, and its intrinsic viscosity was 0.117 dL/
gin a 0.1M NaCl solution. The degree of formation
of the quaternary, calculated by elemental analysis,
is 96.72 mol %. The poly(ADMMAPS) was a brown-
white solid, and its intrinsic viscosity was 0.102
dL/g in a 0.1M NaCl solution. The degree of the
formation of the sulfobetaine, calculated by elemen-
tal analysis of sulfur, is 98.05 mol %. The structures
of these two copolymers are
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Thermal Analysis

Thermal analysis was measured by a DuPont
2000 thermal analyzer. The heating rate was at
5, 10, 20, and 40°C/min in nitrogen atmosphere.
The flow rate was 30 mL/min, and a sample
weight of 10 mg was used.

RESULTS AND DISCUSSION

Thermogravimetric Curve Characteristics of
Poly (MIQADMAPM) and Poly (ADMMAPS)
Copolymers

The poly(MIQADMAPM) was quite hygroscopic
at ambient temperature, so the thermogravime-
tric (TG) analysis was performed after the mois-
ture was removed at 120°C for 5 min. The typical
TG and derivative TG curves for the thermal deg-
radation of a 10-mg poly(MIQADMAPM ) sample
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Figure1l The curvesof(1) TG analysis and (2) deriv-
ative TG analysis obtained under a nitrogen atmo-
sphere degradation of poly(MIQADMAPM ).

are shown in Figure 1, with a heating rate of 10°C/
min under a nitrogen atmosphere. From Figure
1, it can be seen that the thermal degradation
of such a copolymer occurs in two stages under
a nitrogen atmosphere. The poly(ADMMAPS)
copolymer was also treated by the same proce-
dure as the poly(MIQADMAPM) copolymer for
the TG analysis. The TG curve for the thermal
degradation of a 10-mg poly (ADMMAPS) copol-
ymer sample is shown in Figure 2, with a heat-
ing rate of 10°C/min under a nitrogen atmo-
sphere. Figure 2 also shows that the thermal
degradation of poly(ADMMAPS) occurs in two
stages under a nitrogen atmosphere. This ther-
mal behavior was also observed in our previous
reports.?829:31

The TG curve for poly(MIQADMAPM ) shows
a two-stage thermal degradation in nitrogen at-
mosphere. In the first stage, weight loss starts at
247°C and continues to 302°C with 34.3% weight
loss. The second stage (39.3%) is completed by
411°C. The weight percentage remaining at 600°C
is 14.6%. The TG curve for poly(ADMMAPS) in
nitrogen atmosphere also exhibits two stages.
Weight loss starts at 264°C and continues to 314°C
with 30.7% weight loss in the first stage. The second
stage (34.3%) is completed by 425°C. The weight
percentage remaining at 600°C is 24.5%. Tables 1
and II show the percent weight loss of poly (MIQAD-
MAPM) and poly(ADMMAPS) copolymers in nitro-
gen atmosphere and the corresponding tempera-
tures at heating rates of 5, 10, 20, and 40°C/min,
respectively. The results shown in Tables I and II
indicate that the initial decomposition temperature
of the poly(ADMMAPS) copolymer is higher than

that of the poly(MIQADMAPM) copolymer and
that the poly(ADMMAPS) copolymer also has a
higher weight percentage of residue at 600°C at var-
ious heating rates.

Determination of Kinetic Parameters for the
Thermal Degradation of Poly(MIQADMAPM) and
Poly (ADMMAPS) Copolymers

Overall Apparent Kinetic Parameters Determined
by Ozawa’s Method

The results of the thermogravimetry at various
heating rates under a nitrogen atmosphere are
plotted against the temperature in Figures 3 and
4 for poly(ADMMAPS) and poly(MIQADMAPM)
copolymers, respectively. The apparent activation
energy was determined by Ozawa’s method*® for
a given value of weight fraction (wt %). According
to it, the weight decreases to a given fraction at
temperature T'; for a heating rate of §,, at T's for
B2, and so on. The following equation could be
derived:

E, E,
log By — ——L — _log By — ——2 (1
8 b1 = oosrT, - %8 P2~ oao3pr, (U

where E is the activation energy and R is the ideal
gas constant. From Figures 3 and 4, the loga-
rithms of the heating rates could be plotted
against the reciprocal absolute temperature until
the weight of the sample decreases to a given frac-
tion. The results are shown in Figures 5 and 6.
Straight lines are drawn using the linear regres-
sion method. From these lines, the activation en-
ergies and the preexponential factors are deter-
mined, as listed in Table III for poly(MIQAD-
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Figure 2 The curves of (1) TG analysis and (2) deriv-
ative TG analysis obtained under a nitrogen atmo-
sphere degradation of poly(ADMMAPS) copolymer.
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Table I Weight Loss of Poly(MIQADMAPM) Under a Nitrogen Atmosphere at Various Heating Rates

First Stage

Second Stage

Heating Rate Temperature Weight Loss Temperature Weight Loss Weight Remaining
(°C/min) °C) (%) °C) (%) (%) at 600°C
5 245 ~ 295 32.8 295 ~ 395 37.2 18.2
10 247 ~ 302 34.3 302 ~ 411 39.3 14.6
20 254 ~ 319 35.0 319 ~ 441 414 15.7
40 276 ~ 338 34.0 338 ~ 471 42.1 14.3

MAPM) and poly(ADMMAPS) copolymers. The
results shown in Table III indicate that the activa-
tion energies and the preexponential factors of the
poly(ADMMAPS) copolymer in the first degrada-
tion stage are approximately equal to those of the
poly(MIQADMAPM) copolymer, but the activa-
tion energies and the preexponential factors of the
poly(ADMMAPS) copolymer are higher than
those of the poly(MIQADMAPM) copolymer in
the second degradation stage. In addition, the
identical kinetic parameters (E and A values) for
the two successive degradation stages of the
poly(MIQADMAPM) copolymer are incidentally
observed in the table. Another result shows that
the apparent overall activation energy and preex-
ponential factor for the poly(ADMMAPS) copoly-
mer are larger than those for the poly(MIQAD-
MAPM ) copolymer. This occurrence demonstrates
that the degradation mechanisms of these two
corresponding copolymers are different at the
same conditions of degradation.

The kinetic order of the reaction, n, could be
derived by using eq. (1):

log|In(1 — C)|

AE E
—log(2E) 235 - — 2 forn=1 (2
0g<ﬁR> 2.303RT " (&)

where A is the preexponential factor, 5 is the heat-
ing rate, R is the ideal gas constant, and E is the
activation energy.

The conversion (C) is defined by C = 1 — (W/
Wy) where W, and W represent the initial weight
and weight at any time, respectively, and n is the
reaction order. The logarithm of |In(1 — C)| can
be plotted versus the logarithm of heating rate
(B) for a given temperature, and the respective
results are shown in Figures 7 and 8. Good linear
relationships are obtained at constant tempera-
tures of 290 and 370°C and 280 and 370°C, which
are representative temperatures of the two degra-
dation stages at the maximum degradation rate,
under a nitrogen atmosphere for poly(MIQAD-
MAPM) and poly(ADMMAPS) copolymers, re-
spectively. These results indicate that the appar-
ent kinetic order is unity under a nitrogen atmo-
sphere in both samples.

Maximum Reaction Parameters Determined
by Van Krevelen’s Method

The activation energy was determined by the
method of van Krevelen’s et al.*! They reported
that at a certain temperature, T,,, a maximum

Table II Weight Loss of Poly(ADMMAPS) Copolymer Under a Nitrogen Atmosphere at Various

Heating Rates

First Stage

Second Stage

Heating Rate Temperature Weight Loss Temperature Weight Loss Weight Remaining
(°C/min) °C) (%) °C) (%) (%) at 600°C
5 257 ~ 304 33.6 304 ~ 404 30.0 24.3
10 264 ~ 314 30.7 314 ~ 425 34.3 24.5
20 271 ~ 350 38.9 350 ~ 440 38.9 22.9
40 281 ~ 361 40.0 361 ~ 466 314 21.4
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Figure 3 TG curves of poly(MIQADMAPM) at vari-
ous heating rates under a nitrogen atmosphere.

reaction velocity is measured. When the reaction
proceeds almost entirely within the range 0.9 T,
< T < 1.1 T,, the following equation could be
derived:

In fc ac__ | A <0.368>E/RTm
o (1-0)" B\ Tn
1 E
XE—H +<1%—Tm+1>lnT (3)
RT,

where E is the activation energy, R is the ideal
gas constant, § is the heating rate, and A is the
preexponential factor.
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Figure 4 TG curves of poly(ADMMAPS) copolymer
at various heating rates under a nitrogen atmosphere.
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Figure 5 The plots of logarithms of heating rate ver-
sus the reciprocal absolute temperature for indicated
conversions of the degradation of poly(MIQMDMAPM )
under a nitrogen atmosphere.

c dC .
fo —(1 — C)") is re-

placed by In|In(1 — C)| when the reaction order
(n) is unity. Hence, eq. (3) can be given by

From eq. (3), the term (

2.00-
s x 0=0.7
xxxxx C=0.6
B +++++ C=0.5
exsas =04
20000 C=0.3
asass £=0.2
1.50 soooe C=0.1
o . 3
;7)
o
1,00
o -]
2. 50 T T T T T T T T T T T T T T
1.20 1.40 1.60 1.80 2.00 2.20

1000/

Figure 6 The plots of logarithms of heating rate ver-
sus the reciprocal absolute temperature for indicated
conversions of the degradation of poly(ADMMAPS) co-
polymer under a nitrogen atmosphere.
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Table IIT Activation Energies and Preexponential Factors of the Degradation of Poly(MIQADMAPM)
and Poly(ADMMAPS) Copolymers Under a Nitrogen Atmosphere by Ozawa’s Method

Poly(MIQADMAPM) Poly(ADMMAPS)

Stage E (kJ/mol) log A® E (kd/mol) log A®
First 147 15.5 146 15.1
Second 147 14.6 270 23.1
Overall average 147 15.0 208 18.6

2 The dimension of A is min~1.

E/RT,,
In|ln(1 - C)| =1n %(073,38
1 E
XE— +<}€_Tm+1>lnT (4)
Lo
RT,,

From eq. (4), the natural logarithm of |In(1
— ()| can be plotted against the natural loga-
rithm of absolute degradation temperature (7')
under a nitrogen atmosphere. Figures 9 and 10,
respectively, show the relationship given by eq.
(4) of van Krevelen et al. for poly( MIQADMAPM )
and poly(ADMMAPS) copolymers in the first-
stage degradation. The observed good linearities
show that the reaction order is unity, and the acti-
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Figure 7 Relationship of poly(MIQADMAPM) ob-
tained by Ozawa’s method for n = 1 under a nitrogen
atmosphere.

vation energies and preexponential factors were
calculated from the slope and intercepts, respec-
tively, with different heating rates in a nitrogen
atmosphere. Similarly, Figures 11 and 12, respec-
tively, show the linear relations for the two copoly-
mers in the second stage. The kinetic parameters
(E and log A) in the first and second degradation
stages for these two copolymers are listed in Ta-
bles IV and V. The results shown in Tables IV
and V indicate that the activation energies for the
poly(MIQADMAPM) copolymer remain nearly
constant in both stages, but the preexponential
factors are increased with increasing heating
rate. For the poly(ADMMAPS) copolymer, the ac-
tivation energies in the first stage decrease with
increasing heating rate and increase with an in-
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Figure 8 Relationship of poly(ADMMAPS) copoly-
mer obtained by Ozawa’s method for n = 1 under a
nitrogen atmosphere.
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Figure 9 Application of van Krevelen’s method to ex-
perimental data of poly(MIQADMAPM) for the first
thermal degradation stage under a nitrogen atmo-
sphere.

crease of heating rate in the second stage; how-
ever, the preexponential factors increase with an
increase of heating rate in both stages. Comparing
Tables IV and V, the activation energies in the
first degradation stage for the poly(ADMMAPS)
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Figure 10 Application of van Krevelen’s method to
experimental data of poly(ADMMAPS) copolymer for
the first thermal degradation stage under a nitrogen
atmosphere.
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Figure 11 Application of van Krevelen’s method to
experimental data of poly(MIQADMAPM) for the sec-

ond thermal degradation stage under a nitrogen atmo-
sphere.

copolymer are larger than those for the poly(MI-
QADMAPM ) copolymer. The results shown in Ta-
bles IV and V also explicitly indicate that the acti-
vation energies of the maximum degradation for
the poly(MIQADMAPM) copolymer are not af-
fected by the heating rates. However, the thermal
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Figure 12 Application of van Krevelen’s method to
experimental data of poly(ADMMAPS) copolymer for
the second thermal degradation stage under a nitrogen
atmosphere.
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Table IV Activation Energies and Preexponential Factors of First-Stage Thermal Degradation of
Poly(MIQADMAPM) and Poly(ADMMAPS) Copolymer Under a Nitrogen Atmosphere by Van

Krevelen’s Method

Poly(MIQADMAPM) Poly(ADMMAPS)
Heating Rate
(°C/min) T, (°C) E (kJ/mol) log A T, (°C) E (kd/mol) log A
5 277.9 94 10.6 262.3 168 12.3
10 285.1 97 12.3 274.3 167 13.8
20 292.2 93 13.8 291.1 121 14.5
40 306.7 96 154 303.1 110 15.8

degradation of the poly(ADMMAPS) copolymer
is profoundly affected by the heating rates. This
result was also observed in our previous arti-
cle.?®?! Furthermore, comparing the data on E
and A values obtained from the methods of Ozawa
and van Krevelen, and shown in Tables III-V for
a given copolymer [ poly(MIQADMAPM) or poly-
(ADMMAPS) copolymer], the result shows a sig-
nificant difference. This is due mainly to these
two methods having some different assumptions
and approximations.*>*!

On the other hand, it is interesting for us to
compare the thermal degradation behavior of the
two copolymers with that of their parent AA-MA
copolymer. Vilcu et al.?® reported that the thermal
degradation of the AA-MA copolymer showed four
degradation stages in T'G analysis. The character-
istic temperature, activation energy, and weight
loss of the AA-MA copolymer (molar ratio, 1 : 1)
in the respective stages are 50—120°C, 44 kJ/mol,
7.5% for stage I; 120—230°C, 68 kd /mol, 16.5% for
stage II; 230-330°C, not measured, 8% for stage
IIT; and 330-500°C, 160 kdJ /mol, 30% for stage IV.
They considered that the degradation processes
are mainly water loss, imidization with NH; elim-
ination (intermolecular crosslinking), decarbox-
ylation of MA, and over 420°C random scission of

the main chain. However, the data shown in Ta-
bles IV and V exhibit degradation behaviors for
the two copolymers that are different from their
parent copolymer’s results. Hence, these results
explicitly demonstrate that the thermal degrada-
tion behaviors of the two copolymers (which are
different from the AA-MA copolymer) are pro-
foundly affected by the side chains derived from
the MA unit in the copolymer chain.

CONCLUSIONS

The thermal behaviors of poly(MIQADMAPM)
and poly(ADMMAPS) copolymers exhibit a two-
stage thermal degradation under a nitrogen atmo-
sphere. The initial decomposition temperature for
poly (ADMMAPS) is higher than that for poly (M-
IQADMAPM). The kinetic parameters of the
thermal degradation for these two corresponding
copolymers are calculated by Ozawa’s method and
van Krevelen’s method. The overall apparent acti-
vation energy and preexponential factor for poly
(ADMMAPS) are larger than those for poly(MI-
QADMAPM). The activation energy of the maxi-
mum degradation for poly(MIQADMAPM ) is not
affected by the heating rate, but that for poly (AD-

Table V Activation Energies and Preexponential Factors of Second-Stage Thermal Degradation of
Poly(MIQADMAPM) and Poly(ADMMAPS) Copolymers Under a Nitrogen Atmosphere by

Van Krevelen’s Method

Poly(MIQADMAPM) Poly(ADMMAPS)
Heating Rate
(°C/min) T, (°C) E (kJ/mol) log A T, (°C) E (kJ/mol) log A
5 358.4 33 6.9 350.0 27 6.0
10 370.4 33 8.5 363.2 29 7.8
20 383.5 33 10.0 365.6 32 9.9
40 407.7 33 11.5 370.4 38 12.2
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MMAPS) is profoundly affected by the heating
rate.

The authors express their appreciation to Miss Huei-
Yi Chang for her excellent assistance and to Tatung
Institute of Technology for the financial support.

REFERENCES

=

. Rohm and Hass Co., Br. Pat. 1077772 (1967).

2. U. Bahr, H. Wieden, H. A. Rinkler, and G.E.
Nischk, Makromol. Chem., 161, 1 (1972).

3. J. Szita, U. Bahr, H. Wieden, H. Marzolph, and
G. E. Nischk, Belg. Pat. 659316 (1965) and Br.
Amended Pat. 1024029 (1966).

4. D. R. Spriestersbach, R. A. Clarke, M. Couper, and
H. T. Patterson, U.S. Pat. 3473998 (1969).

5. S. Ishikura, R. Mizuguchi, and A. Takahashi, Ja-
pan Kokai Tokkyo Koho 80386 and 80387 (1977).

6. E. Thomson, E. Parks, and K. Allan, Eur. Pat. Appl.
EP 209337 (1987).

7. J. Hagen, M. Bischoff, and W. Heing, Eur. Pat.
Appl. EP 72509 (1983).

8. R. Ohme, R. J. Rusche, and J. H. Seibt, Eur. Pat.
Appl. EP 205625 (1986).

9. H. Seibt, D. Ballschuk, R. Ohme, and L. Zastrow,
Ger. (East) DD 286178 (1991).

10. Sanyo Chemical Industries Ltd., Japan Kokai Jok-
kyo Koho 14176 (1983).

11. R. Sugae and M. Kimura, Japan Kokai Jokkyo
Koho 130400 (1987).

12. W. Ehrl and S. Jung, Eur. Pat. Appl. EP 57925
(1982).

13. D. N. Schultz, D. G. Peiffer, P. K. Agarwal, L. Lar-
abee, J.d. Kaladas, L. Soni, B. Handwerker, and
R. T. Garner, Polymer, 27, 1734 (1986).

14. T. A. Asonova, A. B. Zezin, and Ye. F. Razvodovskii,
Vysokomol. Soyed. (A), 16, 777 (1974).

15. D. J. Liaw, W. F. Lee, Y. C. Whung, and M. C. Lin,
J. Appl. Polym. Sci., 34, 999 (1987).

16. T. A. Wiclema and J.B.F.N. Engberts, Eur.

Polym. J., 23, 947 (1987).

17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.
32.
33.
34.
35.
36.
37.
38.
39.

40.
41.

V. M. Monroy Soto and J. C. Galin, Polymer, 25,
121 and 254 (1984).

Y. L. Zheng, R. Knoesel, and J. C. Galin, Polymer,
28, 2297 (1987).

A. Laschewsky and I. Zerbe, Polymer, 32, 2070 and
2081 (1991).

R. Knoesel, M. Ehrmann, and J. C. Galin, Polymer,
34, 1925 (1993).

M. B. Huglin and M. A. Radwan, Makromol. Chem.,
192, 243 (1991).

T. Kato and A. Takahashi, Ber. Bunsenges. Phys.
Chem., 100, 784 (1996).

J. C. Salamone, W. Volkson, S.C. Israel, A.P.
Olson, and D. C. Raia, Polymer, 18, 1058 (1977).
J. C. Salamone, W. Volkson, S.C. Israel, A.P.
Olson, and D. C. Raia, Polymer, 19, 1157 (1978).
T. A. Wiclema and J.B.F.N. Engberts, Eur.
Polym. dJ., 26, 415 (1990).

Y. G. Hsu, M. J. Hsu, and K. M. Chen, Makromol.
Chem., 192, 999 (1991).

D. G. Peiffer and R. D. Lundberg, Polymer, 26, 1058
(1985).

D. J. Liaw and W. F. Lee, J. Appl. Polym. Sci., 30,
4697 (1985).

W. F. Lee, J. Appl. Polym. Sci., 37, 3263 (1989).
W. F. Lee and C. C. Tsai, J. Appl. Polym. Sci., 52,
1447 (1994).

W. F. Lee and C. C. Tsai, J. Appl. Polym. Sci., 58,
1423 (1995).

W.F. Lee and C. C. Tsai, Polymer, 35,2210 (1994).
W. F. Lee and C. C. Tsai, Polymer, 36, 357 (1995).
W. F. Lee and C. H. Lee, Polymer, to appear.

W. F. Lee and G. Y. Hwong, J. Appl. Polym. Sci.,
59, 599 (1996).

W. F. Lee and G.Y. Hwong, Polymer, 37, 4389
(1996).

W. F. Lee and G. Y. Hwong, J. Appl. Polym. Sci.,
60, 187 (1996).

T. Nugay and S. Kiiciikyavuz, Polymer, 31, 958
(1990).

R. Vicu, L. 1. Byjor, M. Olteanu, and I. Demetrescu,
J. Appl. Polym. Sci., 33, 2431 (1987).

T. Ozawa, Bull. Chem. Soc. Jpn., 38, 1881 (1965).
D. W. van Krevelen, C. van Heerden, and F. J. Hu-
nejens, Fuel, 30, 253 (1951).



